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Abstract

Experimental models are used to study the role of material rheology in hanging wall accommodation above rigid ¯at±ramp±
¯at thrust footwalls. The deformation in the hanging wall was accomplished by forwards sliding along a rigid basal staircase

trajectory with a variable ramp angle, a, ranging from 158 to 608. We model di�erent ramp angles to examine hanging wall
accommodation styles above thrust ramps of overthrust faults (a ranging from 158 to 308), as well as above pre-existing normal
faults (a ranging from 458 to 608). For the hanging walls we used strati®ed frictional (sand) and viscous (silicone putty)
materials.

In this paper we study three types of models. Type 1 models represent purely frictional hanging walls where accommodation
above thrust ramps was by layer-parallel thickening and by generating a series of back thrusts.
Type 2 and 3 models represent strati®ed frictional/viscous hanging walls. In these models, accommodation was by a complex

association of reverse and normal faults, mainly controlled by the rheological anisotropy as well as by the ramp inclination
angle a. In Type 2 models the silicone covered only the lower ¯at, while in Type 3 models it also covered the rigid ramp. For a
R 308 in Type 2 models and a R 458 in Type 3 models, the viscous layer inhibited the development of back thrusts in the

frictional hanging wall, instead the silicone thickened to develop a `ductile ramp'. For a-values higher than 308 in Type 2 models
and a=458 in Type 3 models, back thrusts develop in response to the bulk compression.
The experiments simulate many structures observed above natural thrust ramps with a R 308 and pre-existing normal faults

with ar458. The models emphasise the importance of a basal ductile layer, which allows the hanging wall to step-up over the
rigid ramp by building up its own ductile ramp. The models also emphasise that foreland-directed normal faulting can develop
at a thrust front in the case that the vertical stress due to gravity exceeds the horizontal stress due to end-loading within a thrust
wedge. 7 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction

Thrust sheets are generally composed of incompe-
tent and competent horizons forming a brittle±ductile
multilayer system. Upon shortening, this system devel-
ops thrust faults characterised by ramp±¯at geometry,
with the ¯ats commonly localised along the incompe-
tent horizons and the ramps cutting upsection through
the competent layers (Dahlstrom, 1970; Elliott, 1976;

Harris and Milici, 1977; Berger and Johnson, 1980;
Boyer and Elliot, 1982; Butler, 1982; Carter and Han-
sen, 1983; Mitra, 1986; Eisenstadt and De Paor, 1987,
among others). Ductile layers, such as salt and shale,
are widespread in natural thrust systems, such that
they commonly constitute the preferred basal detach-
ment layer for emplacement of the thrust sheets (e.g.
Gretener, 1972, 1981; Davis and Engelder, 1985; Cello
and Nur, 1988). Accommodation styles in natural
hanging walls, which develop above frontal thrust
ramps, have been described in detail from several natu-
ral examples (e.g. Rich, 1934; Serra, 1977; Wiltschko,
1979, 1981; Suppe, 1983; Bombolakis, 1986; Cooper
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and Trayner, 1986; Beutner et al., 1988; Taboada et
al., 1990; Jordan and Noack, 1992, among others).

Many fold-and-thrust-belts share the occurrence of
normal faults in layered sedimentary sequences prior
to thrusting. The evolution of rifted continental mar-
gins is typically accompanied by the development of
normal faults displacing the sedimentary sequences.
These faults can juxtapose layers with di�erent mech-
anical behaviour (e.g. evaporites vs. limestones or
sandstones), giving rise to strong lateral rheological

variations (e.g. Butler, 1989; Tavarnelli, 1996). Ad-
ditionally, syn-depositional activity of normal faults
can control the accumulation of thick evaporite
sequences on the hanging wall, which can play an im-
portant role during later shortening events.

The mechanics of frontal ramp accommodation has
also been investigated by analogue modelling (e.g.
Merle and Abidi, 1995). These models demonstrated
the control on ramp accommodation of both friction
along the ramp and erosion of the growing hanging
wall relief.

In the present paper we investigate experimentally
the mechanics of internal deformation of thrust sheets
which develop above thrust ramps with a variable
ramp angle, named a. Firstly, we explore hanging wall
accommodation styles in purely brittle systems. We
then investigate accommodation in rheologically strati-
®ed brittle±ductile systems, where a frictional material
overlies a basal viscous layer. We vary the frontal
ramp angle, a, and use it as a rigid indentor to deform
the frictional or strati®ed viscous/frictional hanging
walls (Fig. 1a). We take into consideration di�erent
aspects of the models such as initiation, maturity and
late stages of deformation of the thrust sheets in order
to compare the experimental results with natural
examples. We emphasise the changes in the internal
geometry of the thrust sheets during deformation
depending on the initial geometrical con®guration such
as ramp inclination angle and ratio of viscous to fric-
tional layering.

2. Method and experimental procedure

2.1. Model construction and deformation

Our experiments were performed at the Hans Ram-
berg Tectonic Laboratory of the Institute of Earth
Sciences of Uppsala, at the Analogue Modelling Lab-
oratory of the CNR-CSGACP at the Department of
Earth Sciences in Firenze and at the Tectonic Labora-
tory of the Aristotle University of Thessaloniki.

Three types of models have been investigated
(Fig. 1b): Type 1 models with purely frictional hanging
walls, Type 2 models with strati®ed sand±silicone
layering, where a basal silicone layer rests only above
the lower ¯at, and Type 3 models with strati®ed sand±
silicone layers where a basal silicone layer covers both
the lower ¯at and the frontal ramp sector.

Models were built in a Plexiglas squeeze box with
dimensions 9.5 cm � 7 cm �1.4 cm. Coloured sand
layers were sedimented as passive markers to visualise
the internal deformation. The thickness of the sand
layers varied according to the di�erent geometries of
the models. The maximum thickness of the sand was
1.4 cm in the purely brittle systems (Type 1); the thick-

Fig. 1. (a) Model set-up and (b) de®nition of nomenclature used in

the text; VD: velocity discontinuity. (c) Deviatoric stress of brittle

material (sand) has been calculated following Weijermars (1997) (his

equation 6-5a for compressional regime). The strength pro®le of vis-

cous material (silicone) is based on the mean strain-rate of the exper-

iment (1.25� 10ÿ4 sÿ1).
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ness of the basal silicone layer remained constant, 0.2
cm, irrespective of the type of experiment, so that the
brittle/ductile thickness ratio was 6 (see Fig. 1a and b).
Both the base and the sides of the silicone were lubri-
cated with liquid soap so as to minimise boundary fric-
tion.

Models were shortened by pushing a rigid ramp
block with a frontal dip (angle a ) varying from 158 to
608, at increments of 158. The rigid ramp was driven
by an electric motor, at a constant rate of convergence
of 1.8 cm hÿ1. Models were commonly shortened up
to 40% bulk shortening (%BS), though in some cases
a wider range of bulk shortening was explored (i.e.
varying from 20% up to 80% for Type 1 models and
a=308). However, these models do not explore the
role of erosion and syntectonic redistribution of the
sand.

Photographs of the models were taken at constant
time intervals during deformation. After deformation,
models were covered by dry sand to preserve the ®nal
topography, then models were soaked in water and
frozen before taking cross-sections, i.e. without dis-
turbing the model.

2.2. Model materials

Two analogue materials have been used in this ex-
perimental investigation (Fig. 1): the frictional material
consisted of pure quartz sand with particle diameters
less than 0.246 mm and the viscous material was rep-
resented by silicone bouncing putty, Rhodosil Gomme
GSIR (RG 70009), supplied by RhoÃ ne Poulenc of
Paris.

The sand is a Mohr±Coulomb material with a mean
density rb=1300 kg/m3, which simulates the brittle
behaviour of sedimentary rocks. In laboratory tests
this material shows an angle of internal friction
f=308, a coe�cient of internal friction m=0.58 and a
cohesion c = 105 Pa. The silicone putty exhibits New-
tonian behaviour and represents ductile rocks in nature
(e.g. evaporites, shales) which may be located either at
the base of the thrust sheet and/or interbedded within
competent rocks composing the thrust sheet.

The density of the silicone putty utilised in this in-
vestigation was rd=1160 kg/m3 and the viscosity Z=4
� 104 Pa s (at room temperature, 0208C). The silicone
was deformed at a mean bulk strain-rate of em=1.25�
10ÿ4 sÿ1, which has been calculated as the ratio
between the velocity of the moving rigid ramp (1.8 cm
hÿ1) and the average length (about 4 cm) of the
thickened silicone wedge that developed in front of the
rigid ramp (see later).

2.3. Scaling of the models

Scaling of the sand models to natural conditions is

necessary for evaluating the experimental results (Hub-
bert, 1937). The scaling was performed by using the
model ratio of stress. In purely brittle hanging walls
(Type 1), the model to nature scale (length) ratio
h�=hm/hn can be obtained from the Coulomb cri-
terion, which predicts the rheological behaviour of
rocks at upper crustal levels:

t � ms� c �1�
where t and s are the shear and normal stresses on the
fault plane, respectively, m=tan f the coe�cient of
friction, f the angle of internal friction and c the cohe-
sion of the brittle material. Dividing Eq. (1) by s and
substituting s=rgh, gives:

t
rgh
� m� c

rgh

where r is density, g is the acceleration due to gravity
and h is the height of the thrust sheet. A similar t/s
ratio between model (m) and nature (n) implies that:

a) α=15˚

b) α=30˚

c) α=45˚

d) α=60˚

Fig. 2. Cross-sections of experiments with frictional hanging wall

(Type 1) at 40% bulk shortening. Frontal ramp angle ranges from

158 up to 608 by steps of 158. The ruler at the base of all models is

in centimetres.
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mm �
cm

rmghm

� mn �
cn

rnghn

mm and mn have a similar value (mm10.6 and mn ranges
between 0.6 and 0.85, e.g. Byerlee, 1978; Weijermars et
al., 1993) and can be neglected in the above equation,
so we obtain:

h
� � hm

hn

� rncm

cnrm

�2�

substituting the parameters of Table 1 in Eq. (2), we
obtain h�=hm/hn=4.8 � 10ÿ6, which implies that the
model (1.4 cm thick) represents a natural thrust sheet
with a basal detachment about 3 km deep. Similarly,
the ratio between normal stress in the model (m) and
in nature (n) sm/sn is s�=r�g�h�=2.6 � 10ÿ6, while
the horizontal displacement rate v� is given by the pro-
duct of e� and l� (e.g. Merle and Abidi, 1995), so that
v�=vm/vn=6 � 104. From this we can say that the vel-
ocity of the piston, vm=1.8 cm hÿ1, corresponds to a
velocity vn=2.6 mm yÿ1, which is comparable to that
observed in natural thrust systems (e.g. Kukal, 1990;
Allen et al., 1991; Merle and Abidi, 1995; Zapata and
Allmendinger, 1996).

3. Experimental results

3.1. Type 1: Purely frictional hanging wall

In purely frictional hanging walls, shortening of the
sand models was accommodated by formation of a
series of back thrusts (Fig. 2). The ®rst structures to
appear were back thrusts, which nucleated at the base
of the ramp. We refer to these structures as `back
thrusts' because they move in opposite sense with
respect to the forward sliding of the hanging wall

along the basal staircase trajectory. As the defor-
mation continued, the earlier back thrusts migrated
along the ramp while new ones developed serially at
the base of the ramp. A similar geometry also results
in the experiments on thrust sheet emplacement per-
formed by Colletta et al. (1991) and Merle and Abidi
(1995).

In the experiments illustrated here, four back thrusts
typically formed (after 40% bulk shortening) for a
values ranging from 15 to 458 during frictional gliding.
Spacing between the serially nucleating back thrusts
was regular for a given a angle, decreasing with
increasing a, whereas slip along the faults increased as
a increased (Fig. 2). At a=608 a pair of back- and
fore thrusts developed in the sand wedge emanating
from a point slightly shifted in front of the toe of the
rigid ramp. This process gave rise to a `pop-up' struc-
ture, causing an upward escape of material in response
to movement along the two step-up shear zones
(Fig. 2d). Both the fore- and back thrusts show a con-
vex upward geometry. These become accentuated with
time so as to allow the system to accommodate the lat-
eral spreading of the sand wedge.

In all these experiments, the active back thrusts
nucleated (at the base of the ramp) as kink bands,
whose width decreased with increased shearing. This
process can be related to shear softening and localis-
ation along the shear zone as discussed by Mulugeta
and Koyi (1992). This e�ect was greatest for a=608,
since fewer (three) back thrusts formed to accommo-
date the deformation (Fig. 2d).

To investigate the e�ect of a wider range of bulk
shortening, four experiments with bulk shortening (BS)
varying from 20% to 80% at steps of 20% were per-
formed for a=308 (Fig. 3). Typically the ®rst back
thrust appeared at the surface after 3.1% BS. At a low
value of bulk shortening, the model pro®le exhibited a

Table 1

Analogue modelling parametersa

Parameter Model Nature Model/Nature ratio

BL Density, rb (kg mÿ3) 1300 2400 0.54

DL Density, rd (kg mÿ3) 1160 2200 0.53

DL Viscosity, Z (Pa s) 4� 104 1016 4� 10ÿ12

BL Internal friction coe�cient, m 1 0.6 0.6±0.85

BL Cohesion, c (Pa) 105 40� 106 2.6� 10ÿ6

Strain-rate, e (sÿ1) 1.25� 10ÿ4 10ÿ14 1.25� 1010

Gravity acceleration, g (m sÿ2) 9.81 9.81 1

Length, l (m) 0.01 02100 4.8� 10ÿ6

Stress, s (Pa) 2.6� 10ÿ6

Time, t (s) 3600 4.5� 1013 (1.4 Ma) 8� 10ÿ11

Rate of displacement, v (m sÿ1) 5� 10ÿ6 8.3� 10ÿ11 (2.6 mm yÿ1) 6� 104

a Model and natural parameters used in the analogue modelling experiments. In the scaling procedure, we have assumed for the natural proto-

type a mean cohesion cn=40 MPa (e.g. Hoshino et al., 1972; Weijermars et al., 1993), a typical strain-rate of en=10ÿ14 sÿ1 and a viscosity

Zn=1016 Pa s for the natural rock analog (evaporites) at depths similar to that of the scaled models (e.g. Weijermars et al., 1993). BL: brittle

layer (sand); DL: ductile layer (silicone).
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¯at-topped ramp anticline (Fig. 3a), which became
progressively more rounded with a convex-upwards
geometry (Fig. 3b±d). Foreland-dipping normal faults
started to appear at 40% BS, and with increasing bulk
shortening, foreland-directed extensional collapse of
the sand wedge above the upper ¯at became increas-
ingly more developed. This process has been markedly
accommodated by normal faults partly reactivating
older back thrust segments (Fig. 3d) when the latter
were transported above the upper ¯at. The initial back
thrusts became reactivated with increasing interlimb
angle, o, of the kink bands (Fig. 3e). The kink inter-
limb angles increase when the back thrust is re-utilised

as a normal fault (cf. Mulugeta and Koyi, 1992). In
addition, with increasing shortening the lower sand
layer thickened and compacted above the ramp
(Fig. 3d) and the back thrust planes became progress-
ively bent during the gliding above the ramp before
they became reactivated as normal faults (Fig. 3).

Mechanisms of fault reactivation have been dis-
cussed in several papers (e.g. Sibson, 1974, 1985; Jae-
ger and Cook, 1979; Ranalli and Yin, 1990, among
others). Krantz (1991a) and Faccenna et al. (1995)
investigated by means of analogue modelling in detail
the relations between normal faulting and pre-existing
thrust-faults. The angle y between the s1 axis and the

a) 20% bulk shortening (BS)

c) 60% (BS)

5 cm

''=100°

'=70°

e) ''=110°

'=55°

b) 40% (BS)

d) 80% (BS)

REACTIVATED BACK THRUST DOMAIN

Rigid   Ramp

debris

Fig. 3. Type 1 models with a=308 and bulk shortening ranging from 20% to 80%. The 80% bulk shortening results in the development of a

rootless anticline displaying stacked back thrusts above the ramp, which are progressively warped and reactivated as normal faults above the

upper ¯at. These kinematics are re¯ected by the interlimb angles of kink bands (o ), which are055±708 for pure back thrusts (o ') and 100±1108
in the reactivated back thrusts �o 00). See text for details.
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fault plane is expressed by Anderson (1951):

y � 458ÿ 1

2
tanÿ1 m �3�

For m=0.58 as in our materials, y1308. Therefore,
the dip of newly formed normal faults above the upper
¯at suggests near vertical orientation of the greatest
principal stress axis s1 (Fig. 4a). The normal faults
reactivated the lower part of pre-existing back thrusts,

which steepened and rotated to a favourable orien-
tation for normal reactivation.

The range of favourable orientations of pre-existing
anisotropies (with respect to the vertical s1 axis) within
which normal displacement occurred is de®ned by the
minimum and maximum limiting angles, a=2.58 and
b=598, whose values are obtained from graphical sol-
ution using the Mohr circle (Fig. 4d; a similar result
can be obtained using an analytical solution based on
Ranalli and Yin, 1990). This reactivation ®eld is in

500
 (Pa)

902178.514o

failure envelope for intact sand
( =30°; =0.58; c=105 Pa)

reactivation failure envelope
( o=28°; o=0.54; co=50 Pa)

minimum circle for formation
of new reverse faults (h=1.4cm)

minimum circle for formation
of new normal faults (h =1 cm)

reactivation
field

2  (=5°)

1

2

     minimum circle for
  reactivation (h =1 cm)

2  (=118°)
12879

=40°

=50°=53°

REACTIVATED BACK THRUST DOMAIN

1

reactivation field
2.5°< <59°

2 cm

a) b)

c)

=57°

 average depth of the
reactivated back thrust
  segments (h=1 cm)

1
=30°

=37°=33°

newly formed
normal faults

 1.4 cm

1

3

3

d)

1000

500

 (P
a)

new normal
faults (2 =60°)

60°

Fig. 4. (a) Extensional reactivation of pre-existing back thrust segments in Type 1, a=308, and 80% bulk shortening (which is the same ®gure as

that shown in Fig. 3d). Notice that extensional reactivation of the back thrusts occurs contemporaneously with the forward sliding of the hang-

ing wall along the staircase footwall. (b) The inclination y of the reactivated back thrusts varies between 508 and 578, falling within the reactiva-

tion ®eld (c) predicted by the graphical solution illustrated in (d). (d) Coulomb failure envelope for intact sand (r=1300 kg/m3) used in the

models (line 1) and estimated reactivation failure envelope (line 2) assuming for the reactivated sand (sprinkled) a drop in cohesion along the

kink bands of about 50% and a drop in the friction coe�cient of about 7% (e.g. Krantz, 1991b). Line 1 is from laboratory measurements drawn

as best ®t by linear regression of t and s values at failure.
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good agreement with the dip y of the reactivated back
thrust segments which range between 508 and 578
(Fig. 4), thus indicating that the favourably oriented
pre-existing back thrusts became reactivated as normal
faults as they progressively steepened and entered the
reactivation ®eld for normal faulting.

3.2. Type 2: Models with ductile detachment along the
lower ¯at

Cross-sections shown in Fig. 5 illustrate the e�ects
of a basal ductile layer (deÂ collement) on the emplace-
ment of a frictional thrust sheet. In all models with a
ductile base the rigid ramp was abandoned as a surface
of sliding, and instead the silicone thickened to provide
a ductile ramp for easy gliding. For a=158 and 308 no
back thrusts developed and the thrust sheets glided
simply over the ductile ramp. At a=458 a number of
back thrusts developed during the early stages of
shortening, but back thrust development was arrested
when the ductile ramp was con®gured (Fig. 5c). The
same analysis also applies to a=608, with the only

di�erence that a single large back thrust formed; in ad-
dition, at a=608 the ramp anticline assumed a box-
fold geometry because of the squeezing of silicone into
the core (Fig. 5d).

In all models with a ductile layer along the lower
¯at the geometry of ramp anticlines also exhibits
strong dependence upon the frontal ramp angle. The
shape of ramp anticlines seen in pro®le varies from
¯at-topped to open as a increases from 15 to 608
(Fig. 5). Growth and collapse of the ramp anticlines
on the upper ¯at gives rise to extensional structures
that developed along the crest of the anticlines. The
amplitude of ramp anticlines increased with increasing
a, resulting in well-developed extensional structures
(Fig. 5). At a=308 a foreland-dipping high-angle nor-
mal fault developed (Fig. 5b), whilst at a=458 (Fig. 5c)
the extensional features resulted in the simultaneous

Fig. 6. Cross-sections of experiments with basal detachment layer

along both the lower ¯at and frontal ramp (Type 3) at 40% bulk

shortening. Frontal ramp angle ranges from 158 up to 608 by steps

of 158. In (e) is illustrated a particular case where the silicone was in-

itially also laid above the upper ¯at. The ruler at the base of all

models is in centimetres.

c) α=45˚

b) α=30˚

a) α=15˚

d) α=60˚

Fig. 5. Cross-sections of experiments with basal detachment layer

along the lower ¯at (Type 2) at 40% bulk shortening. Frontal ramp

angle ranges from 158 up to 608 by steps of 158. The ruler at the

base of all models is in centimetres.
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development of new normal faults and the reactivation
of back thrusts. The latter, as in the Type 1 models
shown in Fig. 3, migrated forwards along the ramp,
rotated and then were re-utilised as low-angle fore-
land-dipping normal faults at the upper ¯at. At a=608
slip on low-angle normal faults was greater in response
to collapse of the ramp anticline at the front, and
because no back thrust was available for reactivation
(Fig. 5d).

3.3. Type 3: Models with ductile detachment throughout
the lower ¯at and ramp

We investigated the Type 3 models because we
wanted to study the control of friction along the ramp
for the development of structures in the hanging wall,
i.e. the back thrusts. Type 3 experimental model
thrust-sheets show similar internal deformation to the
Type 2 models, although some di�erences exist. Both
back thrusts and normal faults in Type 3 models were
comparatively less developed than in Type 2 models
(Fig. 6). Back thrusts developed only at a=608 and as
in the Type 2 models with a=458, they were then reac-
tivated as low-angle normal faults (Fig. 6d). Apart
from a small graben that formed along the crest of the
anticline at a=158 (Fig. 6a), no signi®cant structures
(either thrust or normal faults) developed for a ranging
from 158 to 458. Drag of the silicone along the frontal
ramp inhibited frictional gliding along the base of the
thrust sheets even during the ®rst stages of shortening.
However, at a=608 back-kinks a�ected the brittle part
of the model (Fig. 6d).

A control experiment was also performed but only
for a=308. This involved adding 0.5 cm of silicone
above the upper ¯at with a lubricated base (Fig. 6e).
As in the other models with ductile a layer at the base,
the frictional hanging wall was not a�ected by back-
kinks and the model evolved a well-developed ramp
anticline. The frontal part of the anticline was a�ected
by dramatic normal faulting related to the gravita-
tional collapse and sliding of the overriding thrust
sheet along the basal deÂ collement horizon (Fig. 6e).

The geometry of ramp anticlines in Type 3 models
was mainly controlled by both the ramp angle a and
the initial model con®guration. In these models with
a=308 and 458, the forelimbs of ramp anticlines were
normally displaced because of gravitational collapse
(Fig. 6b, c). Additionally, at a=158 and 608 the ramp
anticlines displayed a generally smoother geometry as
compared to corresponding Type 2 models.

4. Discussion

The series of models illustrate that hanging wall ac-
commodation took place by generating a series of

back thrusts in purely frictional hanging walls (Type 1)
and by thickening of silicone to produce a ductile
ramp in models with viscous basal layers (Types 2 and
3). Localisation of both back-kinks and thickening of
the viscous silicone occurred at the toe of the rigid
ramp, which therefore represents the main geometrical
feature controlling the model deformation. In Type 1
models bulk shortening was accommodated more by
layer-parallel shortening at lower levels, and by shear
kinking at shallow levels. This process is markedly
similar to the accretion geometry in model sand
wedges, where the lower sand layers shorten predomi-
nantly by layer thickening and lateral compaction
while the upper layers accommodate the deformation
by kinking and imbrication (e.g. Mulugeta and Koyi,
1992).

In Type 2 and 3 models, migration and thickening
of silicone above the toe of the rigid ramp provided a
`ductile (or e�ective) ramp' upon which the frictional
hanging wall could step-up and overthrust the rigid
ramp (Fig. 7). In other words, the system spon-
taneously con®gured the most e�cient geometry for
the hanging wall to be thrust over the rigid ramp. No
signi®cant thickening was observed in the sand layers
overlying the silicone horizon (Figs. 5 and 6), indicat-
ing that the frictional hanging wall was transported
passively upon the ductile ramp.

Generally, in both Types 2 and 3 models, thickening
of the silicone increased with a in order to overcome
the steeper ramp dip. This is illustrated by the diagram
in Fig. 7(b) where the frontal angle b (arctan dz/dr ) of
the e�ective ramp progressively increased with a.
Obviously, dz/dr values are higher in Type 3 than in
Type 2 models because the silicone layer was also rest-
ing on the rigid ramp in the Type 3 initial con®gur-
ation. In Type 2 models at a=608, the system isolated
a sand pack slice from the footwall to produce the
e�ective ramp (Fig. 5d), whereas in Type 3 the e�ec-
tive ramp was built only by silicone thickening and
not by addition of sand slices (Fig. 6d).

In a similar fashion, vertical amplitude (dh ) of the
thrust anticline and horizontal displacement (ds ) along
the upper ¯at showed a clear dependence on the fron-
tal ramp angle a. The ratio dh/ds progressively
increased with increasing a-values in all types of
models, indicating that a higher frontal ramp angle
would favour a higher vertical growth of the thrust
anticline, while low a-values favour a higher horizontal
displacement along the upper ¯at (Fig. 7a, c). dh/ds
ratios are markedly higher in Type 1 than in Type 2
and 3 models, although for a=308, the highest dh/ds
value occurred in Type 3, showing a sharp deviation
from the general trend (Fig. 7c). This is presumably
because Type 3 con®guration favoured collapse, upon
reaching its angle of repose, of the growing anticline,
while the hanging wall is overthrusting its own debris.
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This leads to an increase of the ramp length because
the hanging wall uses the protruding ductile layer to
step-up its own debris, causing a comparative increase
of dh. In any case, the higher dh/ds values exhibited
by Type 1 with respect to Type 2 and 3 models appear
to be strongly controlled by basal friction. This mech-
anism was previously identi®ed in shortened sand
wedges where for the same amount of shortening the
ratio wedge length to wedge height increased with
decreasing basal friction (Mulugeta, 1988; Colletta et
al., 1991).

Accommodation styles above rigid ramps described
in this paper are very similar to Merle and Abidi
(1995) experiments, although in those models defor-
mation was by pushing the sand (or sand±silicone)
pack over a rigid ramp restricted to a frontal dip of
308. In their experimental set-up with silicone above
the lower ¯at and with a brittle/ductile thickness ratio
of 5 (which can be approximated by our Type 2,
a=308, model), back thrusts developed above the rigid
ramp. However, synshortening erosion of the hanging
wall inhibited the development of back thrusts (see
their Fig. 4). By comparison, in our Type 2 and
a=308 experiment, back thrusting did not take place
even without erosion (Figs. 5b and 7). This di�erence
in structural style, such as the development of back
thrusts, for the same initial model con®guration, might
be related to the di�erent way of end loading. In
Merle and Abidi's experiments the rigid ramp was

stationary and the sand pack was pushed from the
rear to overthrust it, while in our experiments the
opposite was trueÐi.e. the rigid ramp underthrusts the
sand pack.

4.1. Limitation of the models

The present models consider only hanging wall ac-
commodation styles above rigid staircase footwalls.
Although such a model design allows exploration of a
wide spectrum of ramp dips it has the disadvantage
that it does not consider development of smooth-tra-
jectory thrusts, which also occur in nature (Cooper
and Trayner, 1986). Moreover, the models have
assumed a high strength contrast between the deform-
ing sediments in the hanging wall and the rigid ramp,
representing either a thrust footwall or a pre-existing
basement fault. An additional limitation of our models
is that the rigid footwall does not deform and conse-
quently does not undergo any rotation during the pro-
gressive deformation, as happens in natural thrust
systems and in thrust sand wedge models (e.g. Mulu-
geta, 1988; Mulugeta and Koyi, 1987, 1992). This is
perhaps our greatest simpli®cation of natural situ-
ations, where the footwall may also take part in the
deformation during thrust sheet evolution. However,
our models were exclusively intended to address hang-
ing wall accommodation styles above thrust ramps
with variable inclination angle and not the propa-
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gation (or rotation) of thrust ramps. In any case,
despite the above limitations, the analogue modelling
results discussed in the present paper provide some
valuable insights into the mechanics of hanging wall
accommodation above thrust ramps, and can also be
compared with some natural examples.

4.2. Comparison with geological examples

The in¯uence of the rigid footwall ramp on the
hanging walls geometry needs to be evaluated for a
correct comparison of the experimental results to
nature. Generally, the marked lateral strength vari-
ation introduced by the rigid ramp makes our models
suitable for studying thrust ramps developed above
pre-existing normal faults juxtaposing rigid rocks (e.g.
the basement or a rigid cover beam) with weak rocks
(e.g. evaporites or shales) composing a deÂ collement

layer. In this case, the thrust detachment along the
deÂ collement is blocked by propagating into the rigid
basement (or rigid cover beam), such that the sedi-
ments of the hanging wall undergo strong deformation
(e.g. `buttressing' phenomena; Gillcrist et al., 1987;
Schedl and Wiltschko, 1987; Welbon, 1988; Butler,
1989). Thrust ramps with angles higher than 308 can
also be generated by rotation during progressive short-
ening (see discussion in Mulugeta and Koyi, 1992), but
the study of such a process is not allowed by our ex-
perimental design.

Generally, the dip of pre-existing normal faults is
higher than 458 (mostly it is around 608), such that
some of the inferences in structural pattern of thrust
ramps suggested by modelling of a r 458 can be
directly applied to these geological situations. Indeed,
deformation patterns of model hanging walls with ar
458 compare well with those of natural fault-controlled

Fig. 8. Comparison between natural thrust ramps (a, b, d, f) and models shown in this work (c, e, g); dashed lines indicate movement along

active faults. Figure (a) is redrawn after Butler (1989), (b) after Tavarnelli (1996), (d) and (f) after Serra (1977).
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thrust ramps which exhibit typical characteristics, such
as back thrusts, intense folding and strain intensi®ca-
tion indicating substantial vertical pure shear stretch-
ing (cf. Fig. 8a±b with c).

Regarding the comparison of the models with ramp
regions of overthrust faults, by choosing this model
set-up we have assumed that the thrust fault, rep-
resented by the face of the rigid ramp, has propagated
rapidly at the onset of deformation, and only after the
development of the ramp has the hanging wall started
to thrust over an undeformable footwall. These
assumptions are also at the base of analytical models,
which have been successfully applied to natural cases,
quantifying the geometry and deformation of ductile
layer-based hanging walls in thrust ramp regions
(Taboada et al., 1990; Jordan and Noack, 1992).
Indeed, the mechanical behaviour of our models is
very similar to that formulated in the analytical
models, such as the development of a wedge-like in-
clusion of ductile material above the ramp which clo-
sely matches our ductile (e�ective) ramp in Type 2 and
3 models (cf. model Type 2 with a=308 in Figs. 5b
and 7a with ®g. 2b±c in Jordan and Noack, 1992,
where a 308-dipping ramp is also assumed).

Considering that thrust ramps mostly develop at an
inclination of about 308 to the maximum principal
stress axis s1 (sub-horizontal in compressive regime)
and that in our models y 2308 (see Section 3.1), we
are con®dent that the e�ect of having a rigid ramp
with a R 308 (instead of a sand±silicone footwall
ramp) on the hanging wall geometry would be negli-
gible, while the applicability of models with a r 458
should be restricted to thrust ramps controlled by pre-
existing normal faults. This hypothesis is also sup-
ported by the analogue models (both with and without
silicone at the base) incorporating a 308-dipping rigid
ramp reported in Merle and Abidi (1995); indeed, in
these models the hanging wall above the rigid ramp
shows a deformation style which is comparable to that
observed above an 0308-dipping footwall ramp com-
posed of the same material as the hanging wall. When
the hanging wall is underlain by a ductile layer, the
e�ect of having a rigid ramp (for a R 308) would be
even smaller because, as noted by Jordan and Noack
(1992), the change in thickness of the ductile layer in
the vicinity of the ramp has an important in¯uence on
hanging wall geometry, which is not therefore simply
(directly) related to the geometry of the footwall ramp.
In addition, the presence of a weak basal layer implies
that the inclination of the s1 axis is very close to hori-
zontal (e.g. Davis and Engelder, 1985), such that the
hinterland-dipping fault plane practically coincides
with the 308-dipping rigid ramp.

Analysis of model results and structural features of
overthrust faults suggest that both in nature and in ex-
periments deformational style above thrust ramps

appears to be strongly in¯uenced by the overall hang-
ing wall rheology. For instance, we have shown that
the occurrence of incompetent material at the base of
the models inhibits the formation of back thrusts in
the hanging wall. This structural evolution has also
been documented in nature, as no signi®cant back
thrust development takes place when ductile rocks
occur at the base of hanging walls in well-exposed out-
crop-scale thrust ramps (e.g. Serra, 1977; Fig. 8d).

In addition, the development of a ductile (e�ective)
ramp in Type 2 and 3 models strikingly matches the
ductile thickening by cataclastic ¯ow of incompetent
rocks (evaporites and shales) at the base of thrust
sheets in natural thrust ramp regions (e.g. Serra, 1977;
Cooper and Trayner, 1986; Fig. 8d±e), as well as in
fault-controlled thrust ramps (e.g. Tavarnelli, 1996). In
these cases, the ductile ramp (or back-limb) is typically
longer and ¯atter than the rigid ramp. Note also that
in both models and nature, the movement appears to
occur along the lower ¯at as well as along the upper
contact of the ductile layer, so that the more compe-
tent rocks glide over the thickened ductile ramp
(Fig. 8d±e).

Regarding the purely frictional hanging walls, the
development of a series of back thrusts in natural
thrust ramps (e.g. Serra, 1977; Mandl and Crans,
1981) is directly comparable to Type 1 models (Fig. 8f±
g). In addition, the warped trajectory of the back
thrusts in the model is similar to that in nature. This
geometry is presumably strongly controlled by the
high friction along the ramp, as well as by the hom-
ogeneity of the hanging wall. Type 1 models might
also simulate the conditions of a thrust reactivated at
upper structural levels, where ¯uid pressure is declining
and friction along the thrust plane is dramatically
increasing. Indeed, back thrusting is typical of high
structural levels and dominates the late stage of empla-
cement of thrust sheets (e.g. Cello and Nur, 1988).

The present models also have implications for the
geometrical characteristics of natural thrust surfaces as
well as for the modes of deformation in ramp regions
of overthrust faults. Cooper and Trayner (1986) con-
cluded that smooth-trajectory thrusts can often occur
in nature, and together with the staircase geometry
represent two end members in a continuous range of
possible thrust pro®les. In frictional hanging walls
(Type 1) the system was forced to follow the staircase
trajectory, and accommodation of bulk compression
progressed by development of a series of stacked back
thrusts at di�erent a. In models with silicone at the
base, the system con®gured a ductile ramp, which is
markedly similar to that of smooth-trajectory thrusts
as proposed by Cooper and Trayner (1986). Based on
these observations, our models might indicate that the
presence of ductile members at the bottom of a thrust
sheet would favour movement along a smooth-trajec-
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tory thrust but not back thrusting. Finally, Cooper
and Trayner (1986) also hypothesised that deformation
at the ramp region of thrust faults would have been
mainly accommodated by ductile deformation in the
footwall ramp. This mechanism appears to be very
similar to the ductile thickening described in Type 2
and 3 models, as well as to the thickening observed in
the lowest sand layers (in front of the rigid ramp) in
Type 1 models.

4.3. Syn-thrusting gravitational collapse of ramp
anticlines

Foreland-dipping normal faults commonly develop
at the crest of anticlines in all types of models. These
normal faults develop synchronously with the thrusting
as second-order structures along the ramp and upper
¯at. Typically, the geometry of normal faulting
depends on the initial model con®guration such as the
ramp inclination angle a and the type of model (see
Figs. 2, 5 and 6).

A similar process has also been identi®ed in some
geological examples, like the deformations associated
with the El Asnam (Algeria) earthquake (M = 7.3) of
the 10th October 1980. During that event, SE-directed
thrusting was accompanied by the development of
major SE-dipping normal faults, which were com-
monly associated with antithetic faults (King and Vita-
Finzi, 1981; Philip and Meghraoui, 1983; Meyer et al.,
1990; Fig. 9a). The geometry of normal faulting
appears to be controlled by the bending of the thrust
surface (at point P), which becomes gentler upwards
(Meyer et al., 1990; Fig. 9a). Indeed, the normal faults
predominantly a�ected the thrust sheet located above
the upper gently dipping thrust segment (S2; Fig. 9a).
This mechanism can be compared with our models,
where point P corresponds to the intersection line
between the rigid ramp and the upper ¯at, with the
normal faults a�ecting the thrust sheet above the
upper ¯at (see Figs. 2a±c, 3, 5b±d and 6d).

Furthermore, the occurrence of normal faulting syn-
chronously with thrusting is revealed by the analysis of
a seismic line in the Adriatic foredeep (Northern Apen-
nines, Italy; Fig. 9b±c). The normal faults a�ect the
crest of the ramp anticline related to a high-angle W-
dipping thrust-fault, whose syn-sedimentary activity is
demonstrated by the architecture of the syn-tectonic
strata which show clear onlap relationships to the
backlimb of the growing anticline (Fig. 9b±c). Notice
also that the normal faults appear again to be con-
trolled by the pro®le of thrust surface, as normal faults
form where the thrust surface ¯atten upsection.

This process of extension associated with active
thrust sheets involves the collapse of the upper portion
of the hanging wall and it is likely to occur mostly at
upper structural levels. In this frame, we have shown

in Section 3.1 that normal faulting along pre-existing
back thrust faults is a possible mechanism for internal
deformation of thrust sheets, which should be taken
into account when studying natural thrust systems.

In this process gravity plays a major role in favour-
ing the creation (or the reactivation of earlier struc-
tures) of normal faults to accommodate the extension
during movement of the thrust sheet above the upper
¯at (or the gently dipping thrust surface in the natural
examples). This process is likely to take place when the
thrust sheet is laterally uncon®ned toward the foreland
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and the system is allowed to spread over the footwall.
Similarly, the growing anticline shown in the seismic
pro®le of the Apennine foredeep might have been
weakly constrained laterally toward the foreland by
semi-consolidated sediments (Fig. 9b±c).

A particular case of normal faulting associated with
thrusting is illustrated by the spectacular normal faults
occurring at the Himalaya Mountain Front, where the
thrust wedge glides over Cambrian salt (Butler et al.,
1987; Fig. 10a±d). The resulting structural pattern con-
sists of tilted fault-blocks a�ecting the front of the
advancing thrust wedge, that becomes unstable and
gravitationally collapses above the ductile salt
(Fig. 10a±d). The structural style of the model illus-
trated in Fig. 10(e) is very similar to this example.
Though the initial boundary conditions of the model
di�er slightly from the natural prototype (see Section
3.3), the kinematics of both processes is essentially
equivalent (Fig. 10), thus supporting the hypothesis
that the normal faults at the Himalaya front formed
contemporaneously with the thrusting.

5. Conclusions

Results of scaled sand and sand±silicone models
shortened over a rigid ramp±¯at footwall suggest the
following main conclusions:

1. Style of hanging wall accommodation depends upon
the overall thrust sheet rheology as well as upon the
ramp inclination angle a. Rheology of hanging wall
is far more important than the ramp angle a in con-
trolling the deformation above rigid ramps; while
the presence of a ductile layer at the base of the
sand prevents the formation of back thrusts for
gentle to moderate dips (a=15±308 in Type 2 and
a=15±458 in Type 3 models), these developed in
frictional hanging walls irrespective of the ramp
angle.

2. Type 2 and 3 models spontaneously con®gured a
ductile (e�ective) ramp in front of the rigid ramp.
The inclination angle b of the ductile ramp
increased with a and provided an easy glide horizon
for the brittle hanging wall to climb over the rigid
ramp.

3. The analogue models exhibit some marked simi-
larities with geological examples of hanging walls
gliding over a frontal ramp. These concern natural
thrust ramps of overthrust faults with a R 308, as
well as thrust ramps whose location was controlled
by pre-existing normal faults with inclination
ar458.

4. The models emphasise the importance of the ductile
thickening in front of rigid footwall ramps (i.e.
development of ductile ramps) in controlling the de-

formation geometry of the sediments in the hanging
wall.

5. Foreland-directed normal faulting can develop on
the crest of growing thrust-related ramp anticlines,
as illustrated in models compared with some geo-
logical examples.

6. Finally, the model results suggest that extensional
reactivation of early back thrusts may take place
during the emplacement of a thrust sheet and may
represent an important deformational mechanism.
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